Abstract Centrum medianum (CM) afferent pathways, which are involved in pain sensation, were analyzed using physiological techniques. Thirty-four neurons in the gigantocellular nucleus (nucleus gigantocellularis medullae oblongatae, GC) in cats were recorded intracellularly. Of these, 5 (15%) did not respond to electrical stimulation applied to any of the 4 limbs. Twenty-nine (85%) showed spike potentials that were superimposed on excitatory post-synaptic potentials (EPSPs) with an amplitude of 7.2 mY (n =101) and a duration of 6.8 ms. The latencies from contra-and ipsilateral forelimb, contra-and ipsilateral hindlimb to the GC were 9.3 (n==25), 7.2 (n=23), 12.9 (n=28), and 10.9 ms (n=25), respectively. Of these responding neurons, 19 (66%) responded to stimuli to all 4 limbs, 7 (24%) to 3 limbs, 1(3%) to 2 limbs, and 2 (7%) to 1 limb. These afferent neurons in the GC showed spike potentials without EPSPs after stimulation of the CM in the thalamus. Extracellular activities of 37 CM neurons were also tested. Of these, 4 neurons responded to GC stimulation with a short latency of 1.6 ms. Another 33 responded with a long latency of 6.7, and 11 of them were able to follow GC stimulation of over 200 Hz with a fixed long latency; 22 responded with varying long latencies but were not able to follow stimuli over 15 Hz. Three-quarters of the CM neurons received ipsilateral inputs from the GC, and the other contralateral inputs. Three CM neurons responded to stimulation of the GC in quasi-intracellular records. These findings suggest that some ascending fibers from the GC terminate on CM neurons and play a role in pain sensation.
There are two afferent systems for pain perception. The one is the spinothalamic tract (STT), also called the neospinothalamic system, direct spinothalamic pathway, or lateral spinothalamic pathway. The other is the spinoreticulo-thalamic tract (SRTT), also called the paleo-spinothalamic system or indirect spinothalamic pathway. The STT terminates principally in the ventroposterior thalamic nucleus, which projects to the first somatic sensory area (SI, coronal gyrus) and the second somatic sensory area (511, anterior ectosylvian gyrus) in cats. The SRTT was detected in mammals and some reptiles by experiments with horseradish peroxidase and fluorescent staining (KEVETTER and WILLIs, 1984) . The SRTT is a multineural, multi-synaptic pathway. It terminates at lower medullary levels, especially in the gigantocellular nucleus (nucleus gigantocellularis medullae oblongatae, GC) (MORIN, 1953; BOWSHER and WESTMANN, 1970) . The GC is a relay station for somatic impulses from the spinal cord to the medial thalamus (ALBE-FESSARD and KRUGER, 1962; BOWSHER et al., 1968) and a source of reticulo-spinal projections (ECCLES et al., 1975) .
The fibers of the medial lemniscus according to CAJAL (1911) , do not give off collaterals until they reach the pons, and collaterals to reticular formation are sparse. Strong electrical stimulation, large enough to excite A/3, Ab, and C fibers, is effective for the activation of certain neurons of the GC (Ross! and BRODAL,1957) . A burst of stimuli in the Af, Ab range produces a more intense and longer response than a single stimulus (GoLDMAN et al., 1972) . Adverse reactions are produced by stimulation of the GC (CARR and CooNS, 1982; KEENS and CASEY, 1970) . The lesions in this area show significantly increased latencies and thresholds to electrical shock for escape, the so-called barrier-crossing in cats (HALPERN and HALVERSON, 1974) . The neurons responding to noxious stimuli in the GC may mediate diffuse pain, burning pain or chronic pain, and/or attenuate pain by functioning as part of the endogenous control system (CASEY, 1969; DUBNER et al., 1984) . The neurons in the centrum medianum (CM) and intralaminar nuclei are activated by noxious stimuli to the bilaterally located area WHITLOCK and PERL, 1961) . Therefore, the GC and CM play a role in prothopathic pain sensation.
Although there are many papers about spino-reticular fibers, there are few about reticulo-thalamic fibers. The present study was undertaken to clarify the neurophysiological characteristics of the reticulo-thalamic fibers from the GC to the CM.
METHODS
Experiments were carried out on 36 adult cats weighing from 2.0 to 3.55 kg. Anesthesia was induced with ether and maintained with 4% a-chloralose (20-40 mg/kg i.v.). The animals were immobilized by galamine triethiodide i.v. and artificially ventilated via a tracheal tube. Rectal temperature was kept at 37± 1°C. Tracheotomy was done in order to minimize the influence of respiratory movement on the brain stem. After craniotomy, suction was applied to the cerebral mantle over the CM (1 cm in diameter), the lateral ventricle was exposed and physiological saline solution containing 1 % agar was applied. A part of the cerebellar posterior lobe was removed and laminectomy between the C 1 and C2 was carried out. The exposed fourth ventricle was covered with saline solution containing 1 % agar.
Electrical pulse stimuli (0.1 ms, 50-300pA) were applied using coaxial needle electrodes with an outer diameter of 200 pm inserted into the subcutaneous tissue in order to stimulate the limbs. Pinprick with a needle and pinch for noxious stimuli were applied to the skin. Coaxial stainless needle electrodes, used for stimulation to the brain, were 200pm in outer diameter, with a resistance of 10-20 kQ. Their polar distance was 300pm. Glass microelectrodes for recording were filled with 3 M KC1 and methyl blue (0.0l°). Their tips were under 0.5 pm and 10-20 MSS in DC resistance. Both stimulating needle electrodes and recording glass microelectrodes were stereotaxically placed in the CM (A, 7.0-8.0; L, 2.0-4.0; H, -0.5-3.0) according to the atlas of JASPER and AJMONE- MARSAN (1954) or in the GC (P, 7.0; L, 1.0-2.0; H, -5.0 to -10.0) according to SNIDER and NIEMER (1961) . The recording glass microelectrode was connected to a preamplifier (MZ-3 Nihon Kohden) and electrical activities were recorded with an oscilloscope (VC-9 Nihon Kohden).
After neurophysiological recordings were performed, a small lesion at the tip of the stimulating electrode was made by negative current of 0.2 mA for 5-20 s. A current of 2pA was passed for 3 min through the intracellular recording microelectrode filled with methyl blue up to 2 h before death. After the administration of pentobarbital, the descending aorta and the bilateral subclavian arteries were clamped, the right atrium was cut and 1 l of warm saline solution, 10 ml of 100 KCN solution and 500 ml of 1000 neutral formalin solution were perfused successively at 100 cmH2O into the left ventricle. Serial slices of 7-10 pm were obtained near the electrodes. The stimulating site appeared as a vacuole and the recording site as methyl blue spots. RESULTS 1. The identification of rostra! projection from the GC to the CM by antidromic activation Thirty-four GC neurons, showing spike potentials higher than 50 mV, were analyzed. Of these, 21 (62%) responded to noxious stimuli such as pinprick or pinch. After electrical stimuli (5-300 µA, 0.5 ms) to the limbs, 29 neurons (85%) showed spike potentials superimposed on excitatory post-synaptic potentials (EPSPs). Five neurons (l5%) did not respond to any stimulation of the 4 limbs. Nineteen neurons responded to stimuli to all 4 limbs, 7 to 3 limbs, l to 2 limbs, and 2 to 1 limb. The latency from the contra-(ac) and ipsilateral forelimb (ai), and from the contra-(pc) and ipsilateral hindlimb (pi) to the GC was 9.3 + 0.6 ms (mean ± S.D. range 8.2 to 10.1 ms, n=25), 7.2 + 0.5 ms, (range 6.1 to 8.5 ms, n=23), 12.9 ± 0.5 ms (range 10.1 to 14.0 ms, n = 28), and 10.7 + 0.4 ms (range 9.5 to 11.8 ms, n = 25), respectively. The amplitude of EPSPs was 7.2 + 1.1 mV (range 5 to 10 mV, n=101) and its duration was 6.8+ 1.7 ms (range 3 to 11 ms).
Next we investigated the 29 GC neurons that responded to stimulation of 4 limbs and the CM. Five of the 29 GC neurons (17%), which received synaptic inputs from any of the 4 limbs, responded to CM stimulation (Fig. 1 upper) . The latency from the CM to the GC was 1.4 + 0.6 ms (range 1 to 3 ms, n = 5). The mean amplitudes of the spike potentials from the limbs and the CM were 52 + 4 (n = 5) and 87±3 mV (n = 5), respectively (Fig. 1, middle and lower) . The spike potentials provoked by CM stimulation showed abrupt elevation without EPSP. The GC neuron discharge could be induced by paired CM stimuli with a shorter interval, and the duration of the absolute refractory period was less than 2 ms. The absence of EPSP before the spike potentials and greater peak amplitude from the CM than from the limbs suggest the antidromic activation of GC neurons from the CM.
2. Unitary activation in CM responding to stimulation of the GC Thirty-seven units in the CM responded to stimulation by suprathreshold intensity of 100-200 iA and 0.5 ms of the contra-and ipsilateral GC, alternatively. Three neurons responded to stimulation of the ipsilateral GC with a latency of 1.4-1.8 ms (Fig. 2B) . One neuron responded to stimulation of the contralateral GC with responding to electrical stimulation of the subcutaneous tissue in all 4 limbs. Evoked spike potentials are superimposed on 5-10 mV EPSPs (arrows) in response to electrical stimulation of the limbs. Note spike potentials without EPSPs after the paired stimuli of the nucleus centrum medianum thalami (CM). ac and ai, contraand ipsilateral forelimb; pc and pi, contra-and ipsilateral hindlimb, respectively.
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a latency of 1.6 ms. The distance between the GC and the CM was 18±5 mm by the direct route. These 4 neurons with shorter latencies were activated by rostrally projecting fibers with a conduction velocity of 10-13 m/s. The other 33 units had a long latency of 6.7 ± 1.8 ms (n = 33) ranging from 3.0 to 10.0 ms ( Fig. 2A) . Twenty-five units (76%) showed responses from the ipsilateral GC and 8 units (24%) from the contralateral GC. The CM neurons with the long latency could be divided into two types according to the latency and response patterns to higher frequency stimulation of the GC (Figs. 2C, 3-5 ). Type 1 neurons followed stimulation of more than 200 Hz applied to the GC (Fig. 3C, D) and showed a fixed latency such as superimposed traces (Fig. 3A, B) , while type 2 neurons could not follow GC stimulation of over 15 Hz (Fig. 4B, C) . Eleven units were of type 1 and 22 of type 2. The type 1 neurons projected to the CM through a monosynaptic pathway. If the distance between the GC and the CM was 18±5 mm and this was divided by the latency, the conduction velocity was 1.8-6.0 m/s. The type 2 neurons appear to be activated via disynaptic or polysynaptic pathway from the GC to the CM. 3. Quasi-intracellular recording in the CM The unitary activities were stable with a mean spike amplitude of 14.2 + 2.9 mV (n =8) ranging from 10 to 30 mV. The recorded potentials were very similar to intracellular phenomena, indicating that the electrode tips were in contact with the cell membrane. Such a recording condition was termed quasi-intracellular (MCILWAIN and CREUTZFELDT, 1976) . The CM neurons responded well to single stimulation of the GC and showed a fixed latency of approximately 4.0 ms (Fig.  5A, E ). Driven unitary discharges followed GC stimulation at intervals longer than 3.5 ms between paired stimuli (Fig. SD, H) . Although GC stimulation was applied at intervals shorter than 2 ms for paired or triple stimuli, the initial segment-soma dendritic (IS-SD) block could not be identified (Fig. 5B, C, F, and G) . All 3 quasiintracellularly recorded units had similar characteristics and their latency ranged from 3 to 4 ms.
DISCUSSION
Anatomic studies of spino-reticular projections in the cat revealed dense fiber terminations in the caudal portion of the GC (MEHLER et al., 1960) . Our intracellular recordings also demonstrated synaptic connection with GC neurons from all 4 limbs as shown in Fig. 1 . Most of the spinoreticular neurons are present in laminase VII and VIII of the ventral horn, although a few are in laminae IV-VI (HABER et al., 1982) . The GC neurons are excited by noxious stimuli such as pinprick and pinch, tapping, sound, or a flash of light. A large proportion of the neurons have a high threshold, requiring noxious stimulation for their activation.
Receptive field varies from a pinpoint to over a limb, sometimes being bilateral. A neuron with a wide receptive field and high threshold seems to play a role in prothopathic pain sensation. One-fourth to one-third of the neurons in the reticular formation have rostrally projecting fibers (BRODAL and Rossi, 1955; MAGNI and WILLIs, 1963) which terminate in the intralaminar nuclei including the CM in the thalamus (BowsHER, 1957) . The remaining fibers project to the spinal cord. POGGIO and MOUNTCASTLE (1960) found that the reticulothalamic fibers pass over the CM and project to more rostral thalamic nuclei. When the tip of the electrode is in close contact with the cell membrane, quasi-intracellular activity, similar to the intracellular phenomenon, is detected as shown in Fig. 5 . Stable quasi-intracellular activity in CM neurons could be maintained for 1 h. The activity could be detected in the soma, but is more difficult to detect in the axons. Therefore, soma rostrally projecting fibers terminate on the soma in the CM. The intracellular recordings in the GC had latencies of 1.0 to 3.0 ms from the CM, while the quasi-intracellular recordings in the CM had a latencies of 3.0 to 4.0 ms from the GC. The mean difference in latency between the rostral and caudal projections was 1-2 ms. Some larger cells in the CM may have unintentionally been selected during quasi-intracellular recording, because of the difficulty in recording activity from cells smaller than 30pm in diameter. Therefore, larger CM neurons with faster conduction velocity would be chosen among usual projecting fivers with the quasi-intracellular method; therefore, the latency of the smaller cells might be a little shorter. Other differences in both latencies may correspond to synaptic delay in the CM. The rostral projection represents orthodromic stimulation while those in the GC are antidromic. We found two kinds of long latency pathways from the GC to the CM , one having a fixed latency and the other varying latencies . The pathways with varying latencies may be influenced by the level of consciousness, anesthesia, and endogenous or circulatory condition. The activities of CM neurons are influenced by the limbic system (URABE and ITO, 1968) or the prefrontal lobe.
The reticulo-thalamic fibers, rostrally projecting fiver connections from the GC to the CM, showed a wide receptive field and responded to noxious stimuli; hence , they seem to play a role in chronic prothopathic pain sensation.
